Abstract In this study, sodium oxalate was employed to extract extracellular polymeric substances (EPS) from activated sludge samples. The optimum dose of sodium oxalate was 1.34 g/g VSS (volatile suspended solids), and the extraction time was 60 min at pH 7. The total EPS contents obtained under the optimized conditions were approximately 191 mg/g VSS, and they predominantly consisted of proteins, polysaccharides and humic substances. The extraction efficiencies of the chosen method for the major biopolymers were 39, 43 and 410 % higher compared with the ethylenediaminetetraacetic acid (EDTA), cation exchange resin and control methods. Cell lysis measured in terms of deoxyribonucleic acid, and unidentified EPS were approximately 50 % lower in the sodium oxalate method than in the NaOH and EDTA methods. The EPS composition and the ratio of proteins/ polysaccharides (1.38-2.21) were extremely dependent on the operating conditions maintained during the extraction. The inductively coupled plasma spectroscopic results demonstrated that the release of divalent metals, such as Ca 2? and Mg 2? , from the sludge matrix was directly correlated with higher EPS extraction efficiencies in the sodium oxalate protocol. Moreover, the precipitation of Ca 2? and Mg 2? as metallic oxalates disrupted the floc structure and subsequently enhanced the EPS recovery.
Introduction
Extracellular polymeric substances (EPS) are high molecular weight organic compounds secreted by microorganisms into the environment (Sheng et al. 2010) . EPS can be categorized as either soluble EPS (weakly attached) or bound EPS (strongly attached) depending on their binding strength with sludge flocs (Wingender et al. 1999; Liu and Fang 2003) . The contents and compositions of EPS are very heterogeneous and mainly depend on food source, bioreactor operating parameters, ecosystem nature and wastewater type (Nielsen and Jahn 1999; Sponza 2003; Sheng et al. 2010) . Proteins and polysaccharides are the predominant components of EPS and have been reported in almost all types of sludge samples (Frølund et al. 1996; Cescutti et al. 1999) . Some studies have highlighted the presence of humic substances in substantial amounts as well as uronic acids and deoxyribonucleic acids (DNA) Zhang et al. 1999) . The presence of DNA is due to cell lysis, and high amounts of DNA reveal the harshness of the extraction process (Liu and Fang 2002) .
EPS play a significant role in controlling sludge characteristics, such as surface charge, flocculation, settling, dewatering and removal of heavy metals during wastewater treatment (Morgan et al. 1990; Nielsen et al. 1996; Watanabe et al. 1999; Liao et al. 2001; Liu et al. 2001; Liu and Fang 2003; Merrylin et al. 2013; Zhu et al. 2014; Wang et al. 2015) . EPS have been reported to increase floc size by binding to fine particles and bacterial cells, which eventually enhance sludge settleability (Watanabe et al. 1999; Liu and Fang 2003) . The dewaterability of sludge strongly depends on the nature and amounts of EPS; usually, a high protein/polysaccharide (PN/PS) ratio effectively increases the water removal characteristics of sludge particles owing to the hydrophobic nature of EPS (Morgan et al. 1990; Bura et al. 1998; Liu and Fang 2003) . Moreover, EPS have also shown tremendous potential toward the biosorption of heavy metals because of the presence of various functional groups (hydroxyl, carboxyl and amide) on their molecules (Liu et al. 2001; Joshi and Juwarkar 2009) .
It is very important to obtain an accurate idea of the major EPS constituents in a sludge matrix to elucidate their exact role during wastewater treatment. Unfortunately, published results are contradictory, and replication of data is difficult because no standard extraction methods are available. Many physical and chemical methods have been proposed for EPS extraction (Sun et al. 2012) . Common physical methods include centrifugation, ultrasonication and heating (Dignac et al. 1998; Liu and Fang 2002; Comte et al. 2006; Sun et al. 2012) , while chemical methods for extracting sludge EPS are mainly NaOH (alkaline), ethylenediaminetetraacetic acid (EDTA) and cation exchange resin (CER) (Brown and Lester 1980; Frølund et al. 1996; Sheng et al. 2005) . The disadvantages of physical methods include their low EPS yields and protein denaturation at high temperature. The use of chemical methods significantly increases extraction efficiency, but can also contaminate the collected EPS or cause problems in subsequent analysis stages. The NaOH method induces higher cell lysis and macromolecule disruption because of the high pH (*10) conditions (Frølund et al. 1996; Sheng et al. 2010) . The disadvantages of the EDTA method include interference of residual reagents with proteins during spectrophotometric determinations (Comte et al. 2006) . CER has become the most widely used EPS extraction method because of its low cell lysis, and the resin can be removed by centrifugation, thus avoiding chemical pollution. However, the requirement of high reagent doses of approximately 75 g CER/g VSS and high stirring speeds (900 rpm) for long durations (3 h) make it a very costly and time-consuming protocol; hence, the method is not very effective for routine estimation of EPS during the sludge treatment processes. Moreover, high stirring speeds for extended periods can cause cell lysis as well.
In the present study, a new EPS extraction method employing sodium oxalate as the extractant was proposed to overcome problems such as low yield, high extractant doses and comparatively long contact times associated with existing methods. This extraction procedure was based on the ion exchange mechanism. It is quite evident from the literature that the microbial biomass and EPS are attached with divalent metals through the formation of bridged complexes in activated sludge systems (Higgins and Novak 1997a, b) . The main challenge to increase the extraction efficiency is to break up this bridged structure to subsequently release EPS. Sodium oxalate was selected because oxalate anions have a strong binding affinity with divalent cations, particularly Ca 2? and Mg 2? , which will ease the removal of these metals from the sludge matrix and consequently help increase EPS extraction. Furthermore, the introduction of sodium (Na 1? ) ions from the reagent into the sludge will enhance the ratio of monovalent/divalent cations, which will lead to displacement of divalent cations and disintegration of the floc structure, thereby increasing the extraction efficiency. The research work was carried out at the Environmental Engineering Research Division, Korea Institute of Civil Engineering and Building Technology (KICT), Ilsanseo-Gu, Goyang-Si, Gyeonggi-Do, Republic of Korea, during the year 2015.
Materials and methods

Activated sludge samples
The aerobic activated sludge was sampled from the aeration tank of a local wastewater treatment plant (Ilsan, South Korea). The sludge was allowed to settle, after which the supernatant was decanted. To remove the debris and other soluble matter, the sludge was washed with distilled water. The VSS contents of sludge were measured by following the standard methods (APHA 1998). The sludge samples were filtered through a Whatman filter paper (Grade GF/C: 1.2 lm), and the residue left on filter paper was dried at 103-105°C for 2-3 h and termed as sludge suspended solids (SS). Then, the filter paper used for SS was ignited at 550°C for 30 min in a muffle furnace along with a blank filter paper. The loss on ignition of solids represented the sludge VSS, and these were found about 5.0 g/L. Afterward, a specific volume of sludge having VSS 5.0 g/L was concentrated by centrifugation at 50009g for 10 min at 4°C using a GYROZEN 1580 MGR centrifugation machine to remove the soluble material and to get the required amount of sludge pellets for use in the individual extraction methods.
EPS extraction
First, the extraction doses of sodium oxalate for EPS removal were optimized using the batch method. In this regard, aqueous solutions of sodium oxalate of 0.025, 0.05, 0.075, 0.10, 0.125 and 0.15 N were prepared by dissolving the desired amount of reagent (equivalent weight) in distilled water. A total of 100 mL of each solution was measured into different extraction flasks, and a certain amount of the sludge pellets (0.50 g VSS) was added to each of the flasks. In this way, the extraction flasks containing 0.025, 0.05, 0.075, 0.10, 0.125 and 0.15 N sodium oxalate corresponded to doses of 0.33, 0.67, 1.0, 1.34, 1.67 and 2.01 g sodium oxalate/g VSS, respectively. The samples were stirred in a shaking incubator at 4°C for 60 min at 100 rpm. The EPS extracted from the chemically treated sludge were then separated by high-speed centrifugation at 15,0009g for 20 min and at 10,0009g for 10 min at 4°C. Finally, the samples were filtered through 0.20-lm filter paper, after which the filtrate was examined to quantify the individual EPS components. The extractions were conducted at a neutral pH, and the pH values of the aforementioned solutions were between 7.0 and 7.5. The effects of contact time (30, 60, 90 and 120 min) and stirring speed (50, 100, 150 and 200 rpm) on EPS yields at optimized doses were also studied.
The effectiveness of this developed protocol under the optimized conditions was compared by simultaneously extracting EPS using previous methods (CER, NaOH and EDTA). The extractant doses and other experimental conditions in these methods were adopted from the reported literature. The EPS extraction using CER was performed according to the method described by Frølund et al. (1996) . Briefly, the thickened sludge pellets were resuspended in a phosphate buffer solution (2 mM Na 3 PO 4 , 9 mM NaCl and 1 mM KCl) at pH 7. The CER dose (Dowex 50 9 8, 20-25 mesh, Na 1? form; Fluka) was maintained at 75 g/g VSS and was stirred for 3 h at 900 rpm and 4°C. The CER was washed with buffer before applying to the extraction beaker. For NaOH extraction, the sludge samples were added to distilled water, and the pH was maintained at 10 using 1 M NaOH. The extraction was conducted at 4°C for 3 h (Liu and Fang 2002; Comte et al. 2006) . For the EDTA experiment, the sludge was added to a 2 % EDTA solution, and the extraction was performed for 3 h at 4°C (Liu and Fang 2002; Comte et al. 2006) . EPS were also extracted by a physical method that served as a ''control method'' (Liu and Fang 2002; Comte et al. 2006) . The sludge pellets were added in distilled water and EPS extracted by high-speed centrifugation 15,0009g for 20 min and then at 10,0009g for 10 min at 4°C without adding any chemical reagents. The EPS extracted from the chemically treated sludge were also centrifuged at 15,0009g for 20 min and at 10,0009g for 10 min at 4°C. Finally, all the samples were filtered through 0.20-lm filter paper, and the filtrates were examined to measure the various EPS constituents.
EPS analysis
To determine the total amounts of the EPS, the extracted samples were lyophilized at -60°C for 24 h in a freeze dryer (OPERON, model FDU-8612). The lyophilized samples were then ignited at 550°C for 30 min in a muffle furnace. The loss in weight of samples after ignition was due to organic polymers, and it represented the total EPS contents. The samples were ignited at high temperature to remove any interference in total EPS amounts due to inorganic species. The contents of proteins and humic substances of extracted samples were measured by the modified Lowery method, Frølund et al. (1995) using bovine serum albumin and humic acid as the standard solutions, respectively. Polysaccharides were estimated by the phenolsulfuric acid method of Dubois et al. (1956) using glucose as the standard solution. Uronic acids were determined by the m-hydroxydiphenyl sulfuric acid method of Blumenkrantz and Asboe-Hansen using glucuronic acid as the standard (Blumenkrantz and Asboe-Hansen 1973). The DNA content was measured with the diphenylamine colorimetric method (Sun et al. 1999 ) using E. coli DNA as the standard solution. All the chemicals used were of analytical grade.
ICP and FTIR investigations of EPS
The concentrations of Mg 2? , Ca 2? and Fe 3? in the EPS extracts from the sodium oxalate method were measured using an inductively coupled plasma optical emission spectrometer (ICP-OEC) from Perkin-Elmer (model, Optima 7300 DV). The purpose was to determine the effect of sodium oxalate doses on the release of these metals from the sludge matrix. One blank and four calibration standard solutions of known metal concentrations were prepared by dissolving the salt of each metal in distilled water. The actual content of the respective metal was obtained from a working calibration curve generated by the standard samples. For the FTIR (Fourier transform infrared) studies, the EPS solutions were freeze-dried under vacuum at -85°C for 24 h and mixed with KBr to make pellets. These pellets were then analyzed using an FTIR spectrophotometer from Perkin-Elmer to characterize various functional groups on the molecules. All of the spectra were acquired at 2.0 cm -1 resolution and in a scanning range from 500 to 4000 cm -1 .
Results and discussion EPS extraction using sodium oxalate
Effect of sodium oxalate dose on EPS extraction Table 1 summarizes the amounts of total EPS and their individual constituents that were extracted with varying doses of sodium oxalate. The quantities of extracted EPS increased very sharply as the sodium oxalate doses increased from 0.33 to 1.34 g/g VSS. Table 1 also indicates that further increasing the reagent concentrations did not result in any substantial increases in EPS contents, and the total EPS amounts were 202.3 ± 7.5 mg/g VSS at a dose of 2.01 g/g VSS compared with 191.4 ± 7.4 mg/g VSS at a 1.34 g/g VSS dose. This showed that the amount of EPS recovered at a 1.34 g/g VSS dose was approximately 95 % of the EPS collected at a 2.01 g/g VSS dose, highlighting that enhancing the extractant amount by approximately 50 % (from 1.34 to 2.01 g/g VSS) only caused a 5 % increase in the EPS concentration. Therefore, a 1.34 g/g VSS dose was chosen as the optimal amount for EPS extraction from activated sludge samples. The behaviors of various EPS components were quite different from each other (Table 1) . Polysaccharides and humic substances were extracted rapidly, and 97.3 and 95.6 % of their contents, respectively, were recovered at a dose of 1.0 g/g VSS. However, protein extraction was comparatively slow, and 73.5 % of the proteins were obtained using the same amount of reagent. This varied trend in the biopolymers may be due to the specific positions that they occupy in the sludge particles. Proteins are present in the inner parts of sludge particles, while polysaccharides exist on the outer parts (McSwain et al. 2005) . Therefore, protein extraction was more difficult than polysaccharide extraction; thus, a comparatively high reagent quantity was needed to extract the former than the latter, which was in accordance with results reported elsewhere (Frølund et al. 1996; Sheng et al. 2005) . The increase in protein contents with increase in sodium oxalate dosage may be due to the reason that the binding between negatively charged carboxylic groups of proteins and multivalent metals (Ca 2? and Mg 2?
) was weakened under these conditions (ion exchange) which resulted toward the release of more protein molecules. However, beyond the optimal dose, no appreciable increase in these EPS components was observed. Uronic acids were obtained in very small amounts and were predominantly observed at approximately 7 mg/g VSS at all of the doses tested. The order of the ease of extraction in present study was polysaccharides [ humic substances [ proteins [ uronic acids. In this study, proteins (ranked first) and polysaccharides (second) along with humic substances constituted the major portion, while uronic acids constituted the minor fraction of the EPS molecules, which is similar to the results of previous studies (Frølund et al. 1996; Liu and Fang 2002) . It is important to note that the quantity of unidentified EPS increased from 10.3 to 22.6 mg/g VSS as sodium oxalate increased from 0.33 to 2.01 g/g VSS. This may have been because of the degradation/reduction in organic polymers, such as polysaccharides and humic substances, at high concentrations of oxalate ions. This was evidenced by noting the decrease in the amounts of these polymers at doses higher than the optimal amount (Table 1) .
The extracted samples were also analyzed by ICP to note the amount of Ca 2? , Mg 2? and Fe 3? released from the sludge matrix and to investigate the effects of these metals on EPS extraction (Fig. 1) . Figure 1 indicates that the amounts of Ca 2? and Mg 2? recovered from the sludge and Fe 3? (mg/L) from the sludge matrix during EPS extraction (contact time 1 h, stirring speed 100 rpm) samples initially increased by augmenting sodium oxalate. The release of divalent metals disintegrated the floc structure by breaking up the EPS-metal complexes, thereby enhancing EPS recovery. Bruus et al. (1992) found that approximately half of the total Ca 2? content was involved with EPS to maintain the three-dimensional floc texture, and adding Na 1? released Ca 2? and EPS by breaking up this structure. From a dose of 1.0 g/g VSS and higher, the Ca 2? contents decreased slightly, while Mg 2?
contents were observed at similar levels. Notably, even though Ca 2? removal was slightly lower in the subsequent experiment, EPS recovery still increased. This can be interpreted in terms of the stability constant (log K 1 ) values, which are 3.0 and 2.55 for Ca 2? and Mg 2? chelate complexes with oxalate ions, respectively (Furia 1973) . Therefore, a fraction of the Ca 2? ions may have been precipitated as calcium oxalate (due to its strong affinity with oxalate ions) in the sludge and were no longer available as part of the biofilm. Furthermore, the recovery of Mg 2? and proteins at high doses revealed that Mg 2? was preferably attached to the protein in the sludge matrix. This was identical to our previous results, which showed that Mg 2? is strongly bonded with the amide functional groups of proteins (Sajjad and Kim 2015) . Other researchers have also noted the enhanced tendency of multivalent cations to bind with EPS proteins (Dignac et al. 1998) . Fe 3? leakage was very low and not very effective for EPS extraction. Table 2 displays the contents of the EPS with respect to the reaction time (extraction kinetics). The results revealed that the majority of the EPS (approximately 79 %) were extracted within the first 30 min of adding sodium oxalate, and the entire extraction was completed within 1 h. The data show that approximately 68, 95 and 94 % of proteins, polysaccharides and humic substances, respectively, were removed from the sludge after 30 min. This again highlighted that protein extraction was more difficult than extraction of polysaccharides and humic substances, and approximately 60 min was required for the former to show a similar extraction efficiency as the latter. Dignac et al. (1998) also found that polysaccharides were not tightly bound with metallic cations; thus, polysaccharides were extracted very easily compared with proteins. The results shown in Table 2 indicate that long contact times had a negative effect on the extraction yields. After 90-and 120-min reaction times, the samples showed decreasing trends in the concentrations of the major components, whereas the unidentified EPS were enhanced from 17.3 (60 min) to 30.2 mg/g VSS after 120 min. This clearly demonstrated that an extended contact caused cell lysis and polymer degradation, which was further endorsed by observing the almost 100 % increase in DNA contents after 2 h compared with a 1-h reaction time. Regarding the removal of divalent metals, Fig. 2 shows that Ca 2? and Mg 2? were rapidly exchanged at the beginning of the experiment, and their contents leveled off after 60 min, whereas Fe 3? collection was negligible during the entire investigated period. Based on the EPS and metal removal data, a 60-min contact time was selected as the optimal reaction time for EPS extraction. The results at various stirring speeds (ranging from 50 to 200 rpm) indicated that the EPS extraction was not dependent on the stirring intensity, and the EPS contents only varied from 3 to 5 % at the examined speeds (results not shown).
Effect of contact time and stirring speed on EPS extraction
Comparison of the extraction efficiency of sodium oxalate with other methods
Comparison of the EPS extraction efficiency of the sodium oxalate (optimal dose) method with NaOH, EDTA, CER and control methods is given in Table 3 . It is very evident from the results that all of the extraction methods led to very different EPS compositions and thus differences in their total contents. The NaOH and sodium oxalate methods extracted similar amounts of EPS, and their values were much higher than the other investigated techniques. The lowest amount of EPS was extracted by the control method. Overall, the order of EPS removal efficiency was NaOH C sodium oxalate [ EDTA [ CER [ control. The EPS contents indicate that, for each gram of volatile solids, the NaOH method extracted approximately 6 mg more EPS than the sodium oxalate method. However, at the same time, the contribution of unidentified biopolymers in the EPS yield by the NaOH method was 20 mg more than the oxalate method, which may be due to increased cell lysis in the NaOH protocol. Thus, if the EPS quantities of only three major biopolymers (protein ? polysaccharide ? humic substance) were taken into consideration, the sodium oxalate method outperformed all other methods employed during this study. In this case, the order of extraction was sodium oxalate [ NaOH [ EDTA [ CER [ control, and the extraction efficiency of the sodium oxalate procedure was 9, 39, 43 and 410 % higher than the NaOH, EDTA, CER and control methods, respectively. Table 3 also compares the results of various EPS components extracted using different methods. Proteins were the predominant components of activated sludge and constituted approximately 48, 40, 31, 42 and 35 % of the total EPS in the sodium oxalate, NaOH, EDTA, CER and control methods, respectively, whereas the polysaccharides constituted 25, 22, 19, 28 and 27 %, respectively. The sum of the proteins and polysaccharides ranged from 50 to 70 % of the total EPS obtained by different methods (Sheng et al. 2010) . The high protein contents in the sodium oxalate method showed that the method was very effective for EPS recovery from the inner parts of sludge particles because of the high binding affinity of oxalate for divalent metals, as discussed in ''Effect of sodium oxalate dose on EPS extraction'' section. The proteins and polysaccharides were placed first and second, respectively, among all of the extraction methods employed except for the EDTA protocol, in which humic substances were measured in higher amounts than polysaccharides. The quantities of unidentified EPS and DNA in the NaOH and EDTA extractions were the highest among all of the methods. The values of unidentified EPS and DNA in the NaOH extraction were 2.2 and 1.6 times higher than those obtained by the sodium oxalate method, respectively, while the same components measured by the EDTA method were approximately 1.9 and 1.8 times higher than the sodium oxalate procedure, respectively. The total amount of EPS extracted by the chemical methods constituted approximately 15-20 % of the sludge volatile suspended solids, which was in good agreement with the findings of Urbain et al. (1993) .
There are two main reasons for the high extraction efficiency of the sodium oxalate method. One explanation is that the oxalate ions formed a strong complex with the Mg 2? and Ca 2? ions in the activated sludge matrix (Furia 1973) , thereby breaking the EPS-metal structure. The other possibility is that the sodium ions disrupted the floc structure and enhanced the metal exchange process, thereby increasing the EPS liberation rate. This was in agreement with previously published data that demonstrated that introducing sodium ions deteriorated the floc structure by displacing the Mg 2? and Ca 2? ions from the EPS complex, causing rapid recovery of the biopolymers (Higgins and Novak 1997a, b; Dignac et al. 1998 ). However, the high yield of the NaOH method was because of the increase in pH, which led to the dissociation of the EPS functional groups and increased the water solubility of the EPS molecules (Comte et al. 2006) .
The other advantages to using the sodium oxalate method are that it operates at a neutral pH (approximately 92.5 ± 4.0 48.4 ± 2.4 24.9 ± 1.8 7.9 ± 0.3 0.35 ± 0.04 17.3 ± 1.9 191.4 ± 7.4 1.91 NaOH 79.1 ± 3.6 44.3 ± 2.6 28.6 ± 1.7 6.8 ± 0.4 0.56 ± 0.05 37.9 ± 2.1 197.3 ± 7.1 1.78 EDTA 50.4 ± 2.9 31.1 ± 2.2 38.3 ± 2.2 8.3 ± 0.4 0.64 ± 0.05 32.7 ± 2.2 161.4 ± 5.2 1.62 CER 57.8 ± 2.5 37.7 ± 2.7 20.1 ± 1.9 7.6 ± 0.3 0.27 ± 0.02 13.1 ± 1.5 136.6 ± 4.8 1.53
Control 13.3 ± 1.2 10.4 ± 1.1 8.6 ± 0.7 1.9 ± 0.2 0.08 ± 0.01 3.8 ± 0.3 38.1 ± 2.6 1.28 7.0) and also involves a very small amount of sodium oxalate; hence, there are relatively small chances of cell disruption and chemical pollution. The reagent (sodium oxalate) dose used in the sodium oxalate method was 56, 3 and 1.5 times lower than that used in the CER, NaOH and EDTA methods, respectively.
PN/PS ratio
The data shown in the last columns of Tables 1 and 2 indicate that during the sodium oxalate extraction, the EPS composition significantly varied as the reagent dose and reaction time changed, which consequently altered the sludge PN/PS ratios. These ratios were positively correlated with the amount of reagent and the contact time. The PN/PS ratio under the optimal conditions (1.34 g/g VSS dose and 60-min reaction time) was approximately 40 % higher than the 0.33 g/g VSS dose and 30-min contact time. The lowest ratio was obtained at the beginning of the reaction due to the rapid recovery of polysaccharides, which are more prone to the extractant (Dignac et al. 1998) . The PN/PS ratios for the NaOH, EDTA, CER and control methods were 1.78, 1.62, 1.53 and 1.28, respectively, compared with 1.91 for the sodium oxalate method (Fig. 3) . Observation of different PN/PS ratios for similar types of sludge samples revealed that the ratio strongly depended on how the extraction was accomplished, which clearly indicated the proper illustration of extraction conditions to report such results. However, all of the PN/PS values were in good agreement with the reported literature, in which they were found to be between 1.02 and 1.87 (Liu and Fang 2002) , but were much lower than the findings reported by Frølund et al. (1996) , who observed PN/PS ratios of approximately 5. It is widely accepted that the sludge surface characteristics are largely controlled by the PN/PS ratio, rather than the total EPS contents (Morgan et al. 1990 ). The high PN/PS ratio shows a positive correlation with the sludge dewaterability due to the hydrophobic nature of proteins (Morgan et al. 1990; Bura et al. 1998; Liao et al. 2001; Wang et al. 2015) . The amino groups of proteins possess a positive charge; thus, the high PN/PS ratios effectively decreased the overall negative surface charge on the microbial cells, which is essential for sludge flocculation and in turn increases sludge settleability (Morgan et al. 1990; Liao et al. 2001) . However, the biological treatment of wastewater is very complicated, and the nature of influent water along with sludge rheology should also be taken into consideration before assigning any features to the sludge flocs. Figure 4 displays the IR spectra of the EPS extracted from activated sludge samples using different methods. From a qualitative point of view, the IR spectra were quite similar and showed the presence of several distinct and characteristic peaks because of the functional groups present in the EPS. Due to the complex compositions of EPS constituents and the presence of a large variety of functional groups on the EPS molecules, the exact characteristic absorption values are very difficult to determine in the IR spectra. The small shifts in the IR peak positions of the EPS samples may be due to the specific nature of the extracting agents used in the different protocols. The broad absorption band between 3200 and 3400 cm Fig. 4 FTIR spectra of EPS extracted using different methods spectra was assigned to the stretching vibrations of the O-H groups of polymeric compounds (Sheng et al. 2006; Tapia et al. 2009; Teh et al. 2014) . The peaks from 2925-2935 and 2850-2860 cm -1 , which are the result of asymmetric and symmetric stretching vibrations of CH 2 groups, respectively, demonstrated the existence of aliphatic chains of polysaccharides, proteins and humic substances (Sheng et al. 2006; Shak and Wu 2014; Wang et al. 2014) . Chai et al. 2007 reported that humic acids absorb light at wavelengths of 2930 and 1650 cm -1 (stretching vibrations of C=C). However, the IR identification of humic-like substances is very complicated because other organic groups also absorb in the same region. The absorption band between 1635 and 1655 cm -1 was associated with the stretching vibrations of C=O and C-N of amide I of the protein (Tapia et al. 2009; Sun et al. 2012; Bhatti and Hamid 2014) . The peak from 1545 to 1565 cm -1 was assigned to the stretching vibration of C-N and N-H of amide II of the protein polymer (Tapia et al. 2009; Bhatti and Hamid 2014) . The band from 1445 to 1455 was because of the deformation of the CH 3 and CH 2 groups of amide III. The peak at approximately 1420 cm -1 corresponded to the stretching vibrations of C=O (carboxylates), which overlapped with amide III. The spectral band observed from 1035 to 1070 cm -1 (stretching vibration of OH) was a characteristic absorption region of polysaccharides of EPS molecules (Omoike and Chorover 2004; Tapia et al. 2009; Sun et al. 2012) . The small shoulder peak at approximately 1000 cm -1 was indicative of the phosphate group of nucleic acids. Overall, the IR data confirmed the presence of hydroxyl, amide, carboxyl and phosphate groups in all of the samples. From a quantitative point of view, the variations in peak heights/absorption intensities among different samples were correlated with the concentrations of their EPS components.
FTIR characterization
Conclusion
A new method using sodium oxalate as an EPS extractant was employed in this study. The extraction efficiency was evaluated at different reagent doses, reaction times and stirring intensities. A dose of 1.34 g sodium oxalate/g VSS and a contact time of 60 min at 100 rpm were discovered as the optimal conditions for EPS extraction. The composition of EPS was found to be highly dependent on the extraction parameters. The total EPS content and the PN/ PS ratio under the optimized conditions were 191 mg/g VSS and 1.91, respectively. The extraction efficiencies of the sodium oxalate method were approximately 39, 43 and 410 % higher than the commonly used EDTA, CER and physical methods, respectively. Cell lysis, measured as unidentified EPS and DNA contents, was approximately 50 % lower than the NaOH and EDTA methods. The exchange of divalent metals (Ca 2? and Mg 2? ) and the metal precipitation as oxalate chelates were found to be significantly involved in EPS extraction from activated sludge flocs. The FTIR spectra of EPS extracted using different protocols revealed the presence of hydroxyl, carboxyl, amide and phosphate functional groups of polysaccharides, proteins and humic substances. The high extraction efficiency of the sodium oxalate method, the requirements of minimal amount of sodium oxalate (approximately 56 times lower than the CER method), and the short reaction time at neutral pH make the sodium oxalate method a very useful alternative for EPS extraction from activated sludge particles.
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